Using internal transcribed spacer 1 (ITS1) region ribosomal DNA sequences from 37 stock strains and clinical isolates provisionally termed Trichophyton mentagrophytes complex in Japan, we demonstrated the mutual phylogenetic relationships of these strains. Members of this complex were classified into 3 ITS1-homologous groups and 13 ITS1-identical groups by their sequences. ITS1-homologous group I consists of Arthroderma vanbreuseghemii, T. mentagrophytes human isolates, and several strains of T. mentagrophytes animal isolates. Five strains of Arthroderma simii form a cluster comprising ITS1-homologous group II. The Americano-European and African races of Arthroderma benhamiae, T. mentagrophytes var. erinacei, and one strain of a T. mentagrophytes animal isolate constitute ITS1-homologous group III. According to the phylogenetic tree constructed with Trichophyton rubrum as an outgroup, ITS1-homologous groups I and II comprised a monophyletic cluster and ITS1-homologous group III constituted another cluster which was rather distant from the others in the complex. This system was applicable to the phylogenetic analysis of closely related strains. Using this technique, human and animal isolates of T. mentagrophytes were also clearly distinguishable from each other.
Dermatophytes have the capacity to invade keratinized tissues, that is, the skin, hair, and nails, of humans and other animals to produce an infection, dermatophytosis, referred to as ringworm or tinea. Trichophyton mentagrophytes (8) is known as a complex species (22) and is one of the major pathogens causing this infection (23) . Using mating tests and microscopic observation of ascospores, three perfect fungal states of T. mentagrophytes have been identified in this imperfect or conidial "species." They are Arthroderma vanbreuseghemii, Arthroderma simii, and Arthroderma benhamiae (1, 20, 22) , the latter being classified into two races, American-European and African (21) . The phylogeny of T. mentagrophytes, however, remains unclear because the phenotypic features of members of the T. mentagrophytes complex are poor and many isolates from medical and veterinary samples have lost their sexual activity (22) . From a clinical point of view, because the T. mentagrophytes complex includes both anthrophilic and zoophilic species (23) , it is important to have a reliable method of identifying the human-pathogenic species of the complex. Establishment of the phylogenetic classification of this complex has been achieved by molecular biological studies on the phylogeny of pathogenic fungi, primarily using the GϩC content of chromosomal DNA (5), total DNA homology (6) , restriction fragment length polymorphism (RFLP) of mitochondrial DNA (mtDNA) (7, 13, 17, 18) , and the base sequence of the 18S (11) or 28S (14) rRNA or rRNA gene (rDNA). However, for dermatophytes, including T. mentagrophytes, the phylogenic relationship or speciesspecific sequences cannot be defined by these methods, because the members of this group of fungi are phylogenetically and taxonomically very closely related. Specific DNA sequences of the internal transcribed spacer 1 region (ITS1) of the rDNA in the T. mentagrophytes complex, mainly of strains stocked in Japan, were therefore determined and phylogenetically analyzed. ITS1 is located between the 18S and 5.8S rDNAs. As reported previously, the variable ITS regions have proven useful in resolving relationships between close taxonomic relatives (2, 3, 15) . We were able to successfully differentiate between members of the T. mentagrophytes complex and a related species, Trichophyton rubrum, and to demonstrate their phylogenetic relationship by base pair comparisons of ITS1 regions.
MATERIALS AND METHODS
Fungal strains. Standard strains of members of the T. mentagrophytes complex-A. vanbreuseghemii (two strains), A. simii (five strains), A. benhamiae (Americano-European race, two strains; African race, two strains), T. mentagrophytes var. erinacei (two strains)-and clinical isolates of T. mentagrophytes (five strains of human isolates and eight strains of animal isolates) were used in this study (Table 1) . Clinical isolates of T. rubrum (eight strains of human isolates and three strains of animal isolates) were used as the outgroup. Six other pathogenic fungi, Microsporum canis TIMM0765, Penicillium marneffei IFM41707, Candida albicans ATCC10231, Candida glabrata TIMM1062, Trichosporon beigelii TIMM3140, and Mucor circinelloides TIMM1325, were used to show the wide applicability of the PCR primers described below. Clinical isolates were isolated in Japan and identified by their morphological features (for molds) or by using the Vitek Yeast Biochemical Card bioMerieux Vitek Inc.) (for yeasts).
Preparation of DNA from fungal cells. All fungal strains were grown on Sabouraud dextrose agar (1% [wt/vol] peptone, 1% [wt/vol] glucose, 1.5% [wt/ vol] agar) at 27 or 37°C for 1 to 5 days. Rapid preparation of DNA from molds was performed by a modification of the method described by Cenis (4) . A small amount of mycelium grown on Sabouraud dextrose agar was placed in lysis buffer (200 mM Tris-HCl [pH 8.0], 0.5% [wt/vol] sodium dodecyl sulfate, 250 mM NaCl, 25 mM EDTA) and crushed with a conical grinder. It was incubated at 100°C for 15 min, mixed with 150 l of 3.0 M sodium acetate, kept at Ϫ20°C for 10 min, and then centrifuged at 10,000 ϫ g for 5 min. The supernatant was extracted once with phenol-chloroform-isoamyl alcohol (25:24:1, vol/vol/vol) and subsequently extracted once with chloroform. DNA was precipitated with an equal volume of isopropanol at Ϫ20°C for 10 min, washed with 0.5 ml of 99% ethanol, dried, and suspended in 50 l of ultrapure water (Milli-Q Synthesis A10; Millipore). One microliter of the resulting solution was used as a template for PCR. The total time required to prepare the DNA was 80 min.
DNA from yeasts was rapidly prepared by a modification of the method described by Makimura et al. (16) . A small part of a yeast colony was suspended in 100 l of lysis buffer. After being mixed with a vortex mixer for 5 s, the sample was incubated at 100°C for 15 min. One hundred microliters of 3.0 M sodium acetate was added, and after being mixed, the preparation was incubated at Ϫ20°C for 10 min and then centrifuged at 10,000 ϫ g for 5 min, after which the supernatant was transferred to a new tube. DNA was precipitated with an equal volume of isopropanol, washed with 0.5 ml of 99% ethanol, dried, and resuspended in 100 l of ultrapure water. One microliter of the resulting DNA solution was used as a PCR template.
Oligonucleotide design. All oligonucleotides used in this study were designed based on comparison with the sequences of 18S and 5.8S rDNAs in the DDBJ/ EMBL/GenBank database (accession numbers of 18S rDNA sequences, M60302 . The highly conserved sequences of all organisms were analyzed with GENETYX-MAC version 9.0 software (Software Development Co., Ltd., Tokyo, Japan) and our newly designed oligonucleotide primers 18SF1 (5Ј-AGGTTTCCGTAGGTGAACCT-3Ј, bp 1764 to 1783 of the S. cerevisiae 18S rDNA) and 58SR1 (5Ј-TTCGCTGCGTTCTTCATCGA-3Ј, bp 53 to 34 of the S. cerevisiae 5.8S rDNA) were made by Pharmacia Biotech Co., Ltd. (Tokyo, Japan).
PCR. Each PCR mixture contained 10 l of 10ϫ reaction buffer (Pharmacia); 100 M each dATP, dCTP, dGTP, and dTTP (Pharmacia); 2.5 U of Taq polymerase (Pharmacia); 30 pmol of each primer; and DNA template solution. Ultrapure water was added to increase the volume to 100 l. Each mixture was heated to 94°C for 5 min, and PCR was then performed under the following conditions: 25 cycles of 94°C for 1 min, 60°C for 15 s, and 72°C for 15 s. Thermal cycling was terminated by polymerization at 72°C for 10 min. Two percent agarose gel electrophoresis was performed to examine the quality of the PCR products. These products were then stained with ethidium bromide and visualized by UV irradiation.
ITS1 DNA sequencing and phylogenetic analysis. Both strands of the PCR products were directly sequenced by using a DNA sequencing kit (Perkin-Elmer) with primers 18SF1 and 58SR1 and an automatic sequencer (ABI Genetic Analyzer 310; Perkin-Elmer) according to the manufacturer's instructions. The ITS1 sequences were aligned by using the Clustal W computer program (12) , and the base positions with gaps were excluded. The phylogenetic tree was then constructed by the neighbor-joining (NJ) method (19) , using the NJPLOT program (10) . Bootstrap analysis (9) was performed with Clustal W, using 1,000 random samples from the multiple alignment. This provided a measure of how well supported parts of the tree are, given the data set and the method used to construct the tree. The tree was rooted with T. rubrum as an outgroup.
Nucleotide sequence accession numbers. The nucleotide sequence data reported in this paper appear in the DDBJ/EMBL/GenBank nucleotide sequence database under the accession numbers shown in Table 2 .
RESULTS
An ethidium bromide-stained gel image of PCR products prepared from various fungi by using the primer pair 18SF1 and 58SR1 is shown in Fig. 1 . Clear single bands are seen in each sample lane. The size of specific bands among members of the T. mentagrophytes complex, however, was always 0.3 kbp, while those from other species of fungi differed from each other.
A phylogenetic tree, prepared by the NJ method, was constructed from 26 strains of T. mentagrophytes complex and 11 strains of T. rubrum (Fig. 2) . Their ITS1 region sequences are shown in Fig. 3 ; the sizes of these regions ranged from 246 to 259 bp. The evolutionary distances between organisms are indicated by the horizontal branch lengths, which reflect the number of nucleotide substitutions per site along the branches from node to endpoint. The percentages of bootstrap samplings supporting the interior branches are noted. Members of the T. mentagrophytes complex were classified into three ITS1-homologous groups (I, II, and III) and 13 ITS1-identical individual groups by the DNA sequences of their ITS1 regions. ITS1-homologous groups I and II comprised a monophyletic cluster (100% bootstrap support), and ITS1-homologous group III comprised another cluster (92% bootstrap support). ITS1-homologous group I was 80% bootstrap supported, but for ITS1-homologous group II the support was 48%. ITS1-homologous group I is composed of A. T. rubrum animal type 2, TLD0014; T. mentagrophytes animal type 4, TLD0329; A. simii type 1, VUT77010; A. simii type 3, CBS520.75; and A. simii type 4, SM161) was shown to have unique ITS1 base sequences (Fig. 3) .
DISCUSSION
Using ITS1 rDNA sequences from 37 strains of fungi, we demonstrated the phylogeny of members of the T. mentagrophytes complex. The phylogenetic relationship based on the alignment of the ITS1 DNA sequences of perfect and imperfect states of the complex agreed with the proposed taxonomic connection in its sexual compatibility (22) and RFLP analysis of mtDNA (17) . However, because of their highly variable ITS1 sequences, strains of A. simii and asexual strains of T. mentagrophytes could be distinguished from each other in more detail.
Earlier in this paper, we stated that there are three ITS1-homologous groups and 13 ITS1-identical individual groups in the complex. Clusters of ITS1-homologous group I (which includes A. vanbreuseghemii, animal isolates of T. mentagrophytes, and a human isolate of T. mentagrophytes) and of ITS1-homologous group III (which includes both races of A. benhamiae, T. mentagrophytes var. erinacei, and an animal isolate of T. mentagrophytes) were supported by bootstrap analysis, although ITS1-homologous group II (which includes all five strains of A. simii) was not properly supported by a percentage of bootstrap sampling. The clustering of A. simii, however, was supported by another phenotypic character, concerning mating ability, and so it was proven to be a unique species. It is suggested that the speed of base substitution of ITS1 sequences in A. simii is high enough to construct a unique cluster, although the bootstrap value is apparently low. Because ITS1-homologous group I was supported as a monophyletic group, the human isolate of T. mentagrophytes, animal isolates of T. mentagrophytes, and A. vanbreuseghemii seemed to have diverged from the same origin.
According to the phylogenic tree shown in Fig. 2 , in the complex, ITS1-homologous groups I and II are closely related but ITS1-homologous group III is related to groups I and II only distantly. This phylogenetic relationship was also revealed by Nishio and We demonstrated the applicability of ITS1 DNA sequences to phylogenetic analysis of closely related strains of the T. mentagrophytes complex. This ITS1-based system will prepare the FIG. 1. Gel image of PCR products prepared with primer pair 18SF1 and 58SR1 from DNA of various species of fungi. To determine the DNA sequence of the ITS1 region, a specific primer pair, 18SF1 and 58SR1, was used to amplify by PCR a DNA fragment from genomic DNA isolated from fungal cells. The PCR products were electrophoresed, and after being stained, the gel was visualized under UV irradiation. Lanes: M, HindIII-digested lambda phage DNA; 1, A. vanbreuseghemii VUT77008; 2, T. mentagrophytes human clinical isolate TIMM3295; 3, A. simii VUT77010; 4, A. benhamiae, Americano-European race, SM103; 5, T. rubrum TIMM3231; 6, Microsporum canis TIMM0765; 7, P. marneffei IFM41707; 8, C. albicans ATCC10231; 9, C. glabrata TIMM1062; 10, Trichosporon beigelii TIMM3140; 11, Mucor circinelloides TIMM1325.
FIG. 2.
T. mentagrophytes complex and T. rubrum phylogenetic tree, based on ITS1 rDNA sequences. The NJ tree was constructed by using ITS1 sequence data for strains T. mentagrophytes complex and 11 T. rubrum ( Table 1 ). The evolutionary distances between organisms are indicated by the horizontal branch lengths, which reflect the numbers of nucleotide substitutions per site along the branches from node to endpoint. The percentages of bootstrap samplings, derived from 1,000 samples which were supporting the interior branches, are noted. Members of the T. mentagrophytes complex were classified into 3 ITS1-homologous groups and 13 ITS1-identical groups (Table 2) , and all strains of T. rubrum had identical ITS1 sequences. I, ITS1-homologous group I; II, ITS1-homologous group II; III, ITS1-homologous group III.
way for the more complicated phylogenetic classification of dermatophytes and other fungi.
Using the information from these short (approximately 100 to 400 bp), specific, and wide-ranging ITS1 rDNA sequences (as shown in Fig. 1 ) would be beneficial not only for phylogenic study but also for species identification. It enables speedy (2 to 3 days) and accurate identification of pathogenic fungi to the species level. The classical method of species identification takes at least several weeks and then is sometimes unsuccessful. The method described in the present paper would allow medical doctors to determine the involved pathogen and to advise the patient of the proper way to control against infection by the fungus, epidemiologically or etiologically. For example, as we stated earlier, human and animal isolates of T. mentagrophytes were clearly distinguishable.
Further evaluation of the phylogenic analysis and identification systems, both of which are based on ITS1 rDNA sequences, is under way in our laboratory, with other species and strains being employed.
